Insulin-like growth factors (Igfs) are implicated in a wide variety of physiological roles in teleost gonadal development and reproduction. In the present study, igf3 mRNA expression in the tilapia ovary was found to be higher than in the testis from 5 to 40 days after hatching (dah) but was lower than that in testis from 50 to 70 dah. Consistently, Igf3 protein signal was detected in the somatic cells of XX and XY gonads from 10 dah until adulthood by immunohistochemistry, using a specific Igf3 polyclonal antibody. Incubation of ovarian and testicular cells in primary culture with recombinant Igf3 significantly increased nr5a1, foxl2, dmrt1, cyp19a1a, cyp11a1, cyp11b2, hsd3b2 , and cyp17a1 expression in a time-and dose-dependent manner. Promoter analysis using luciferase assays in HEK293 cells revealed that igf3 promoter activity was directly activated by Nr5a1 (Sf1) and further enhanced by Foxl2, Nr0b1a (Dax1), and Nr0b1b (Dax2) but repressed by Dmrt1 and estrogen receptor (Esr1, Esr2a, or Esr2b) along with 17beta-estradiol treatment. In addition, igf3 promoter activity was increased slightly by forskolin treatment alone but synergistically up-regulated by transfection with nr5a1. These in vitro results correlated well with the expression profile of igf3 during early gonad differentiation. Our results indicated that igf3 is involved in fish gonad steroidogenesis because of its ability to regulate the expression of foxl2, dmrt1, and nr5a1 and steroidogenic enzymes. The expression of igf3 is in turn regulated by transcription factors Foxl2, Dmrt1, and Nr5a1, as well as by 17beta-estradiol treatment.
INTRODUCTION
Insulin-like growth factors (Igfs) have been reported to play vital roles in regulating development, growth, differentiation, metabolism, and reproduction in a wide variety of vertebrates [1] [2] [3] [4] . Sexual differentiation occurs along with cell proliferation and tissue growth [2] , suggesting that growth factors may take part in these physiological processes, particularly Igfs, which have been demonstrated to exert certain actions on gonad development and differentiation [1, 3, 4] . Both igf1 and igf2 were found to be expressed in the liver in an endocrine manner as well as in a number of extrahepatic sites of fish, including the gonad, in a paracrine or autocrine manner [5, 6] . igf1 was found to be expressed in spermatogonia, Sertoli, and Leydig cells of testis in tilapia (Oreochromis niloticus), rainbow trout (Oncorhynchus mykiss), and Japanese sea bass (Lateolabrax japonicus) [7] [8] [9] [10] [11] and in previtellogenic oocytes and granulosa and theca cells of the tilapia ovary [7] [8] [9] , while igf2 was detected in granulosa and theca cells of ovaries in tilapia and sea bream (Sparus aurata) [11, 12] . Functional analysis revealed that igf1 and igf2 are involved in inducing meiotic resumption, oocyte maturation, follicle growth differentiation, and inhibition of apoptosis [13] [14] [15] [16] [17] .
Previous studies from our group have shown that a novel igf3, which is distinct from the conventional igf1 and igf2, is expressed exclusively in fish gonads, thus implying its special roles in gonad development [18] . Recent results from several studies indicate that Igf3 was involved in the mediation of oocyte maturation in zebrafish (Danio rerio) [19] and male gonad development in tilapia [20] . However, how Igf3 exerts its action in the gonad is still unknown. It is well documented that IGF1 plays a critical role in regulating steroidogenesis in mammals, for instance, by stimulating aromatase expression through NR5A1 or by inhibition of autophagy, and augmentation of the cytochrome P450 side chain cleavage enzyme (P450scc; CYP11A1) gene promoter transactivation [21] [22] [23] . There are also reports showing the stimulatory actions of Igf1 on aromatase activity and P450 aromatase gene expression (cyp19a1a) in ovarian follicles of red seabream (Pagrus major), white perch (Morone americana), striped bass (Morone saxatilis), and common carp (Cyprinus carpio) [24] [25] [26] [27] . Whether Igf3 exerts its functions through regulation of steroidogenesis in tilapia remains unknown.
Igf synthesis in the liver is mediated mainly by growth hormone (GH) released from the pituitary. However in extrahepatic tissues, especially in gonads, GH treatment had no effect on the expression of igf1 in Coho salmon (Oncorhynchus kisutch) ovary and igf3 expression in tilapia gonad [20, 28] . Hence, if GH is not the main regulator of igf3 expression, then what are the factors regulating igf3 expression in gonad? igf3 mRNA was found in the somatic cells of both ovary (granulosa cells) and testis (interstitial cells) in tilapia [18] . It has been reported that transcription factors like foxl2 are expressed mainly in granulosa cells surrounding the oocytes, while nr5a1 and dmrt1 are expressed in stromal cells and interstitial cells and Sertoli and epithelial cells of tilapia gonads, respectively [29] [30] [31] . igf3 is colocalized with these transcription factors. Consequently, it is conceivable that these transcription factors might be involved in the transcriptional regulation of igf3 expression.
Estrogen and aromatase (encoded by cyp19a1a) are the key factors in determining the sex of tilapia [32] . Transcription factors nr5a1, dmrt1, foxl2, and nr0b1a are the major factors implicated in tilapia sex differentiation through transcriptional regulation of aromatase gene and estrogen production [30, 31] . The expression profiles of the steroidogenic enzymes and the related transcription factors during early sex differentiation of Nile tilapia have been reported previously [33] . Therefore, the present investigation studied (1) whether the expression of igf3 had any correlation with the steroidogenic enzymes and related transcription factors; (2) whether Igf3 could regulate steroidogenesis and affect the expression of the key transcription factors such as nr5a1, dmrt1, and foxl2; and (3) whether these transcription factors and estrogen could regulate igf3 expression to form a loop for the fine tuning of steroidogenesis. The experimental efforts gave us a better understanding of the role of Igf3 in tilapia gonads.
MATERIALS AND METHODS

Animals
Nile tilapias for this study were reared in recirculating, aerated freshwater tanks at 268C prior to use. All-XX and all-XY progenies were obtained by crossing the pseudo-male (XX male, producing sperm after sex reversal) and super-male (YY) with the normal female (XX), respectively. Under our experimental conditions, these all-XX and all-XY fish developed into allfemale and all-male populations respectively. Fish were maintained at an ambient temperature of 268C under a natural photoperiod. All animal experiments (including those using fish and mice) were conducted in accordance with the regulations of the Guide for Care and Use of Laboratory Animals and were approved by the Committee of Laboratory Animal Experimentation at Southwest University.
Chemicals and Reagents
17b-estradiol (E 2 ) and forskolin were obtained from Sigma-Aldrich, Dulbecco modified Eagle Medium (DMEM) and Ham F-12 medium (F-12) from Gibco, and fetal bovine serum (FBS) from JRH Biosciences (Lenexa, KS). Penicillin, streptomycin, and TRIzol reagent were from Invitrogen. Restriction enzymes, ExTaq enzymes, and Prime Script RT reagent kit were obtained from Takara.
Ontogeny Study by Real-Time PCR
The gene expression pattern of igf3 in the early gonad development stages was measured using a SYBR Green method of real-time PCR. Briefly, gonads were dissected from tilapia at 5, 10, 20, 30, 40, 50, 60 , and 70 days after hatching (dah). Total RNA was extracted from all samples by using a columnbased RNA extraction kit specialized for small quantities of RNA (RNeasy Micro kit; Qiagen, The Netherlands). DNase I (RNase-free) treatment and cDNA preparation for real-time PCR were also carried out according to the manufacturer's instructions. b-actin (actb) was used as the internal control. The relative abundance of igf3 mRNA transcripts was evaluated using the formula R ¼ 2
ÀnnCt , as described previously [34] . Data from triplicates were presented as means 6 SD. Statistical analyses were analyzed using one-way ANOVA (P , 0.05) in GraphPad Prism 4 software. Primer sequences used for real-time PCR are listed in 
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optical density at 600 nm of 0.5-0.6. His-Igf3 recombinant protein, purified using nickel-nitrilotriacetic acid Superflow cartridge (Qiagen), was used as the antigen to immunize mouse (BALB/c, female, from Chongqing Medical University Animal Centre) three times at 15-day intervals, with 25-30 lg of antigen at each immunization, for the production of polyclonal antibodies. At 10 days after the last immunization, mouse blood was collected for evaluation by ELISA. To confirm polyclonal antibody specificity, total proteins extracted from both the fish gonads and the His-Igf3 recombinant protein (both purified and unpurified) were separated using 15% SDS-PAGE. Separated proteins were transferred onto polyvinylidene fluoride membranes and immunoblotted with the primary antibodies against Igf3 (anti-Igf3, 31000 dilution). In addition, the recombinant Igf3 with a glutathione S-transferase (GST) tag expressed in E. coli was also purified and used in Western blotting to further confirm antibody specificity. After samples were washed in PBS, diaminobenzidine tetrachloride was applied for the color reaction after incubation with secondary antibody conjugated with horseradish peroxidase. In order to enhance the signal of Igf3 protein from the fish gonads, we also performed chemiluminescence assays as described previously [19] , and the signal was visualized on X-ray film in the darkroom, using SuperSignal West Pico chemiluminescent substrate (Pierce), after samples were washed in PBS.
Immunohistochemistry
Gonads were dissected from male and female fish at 10, 120, and 300 dah and fixed in Bouin solution at room temperature overnight with gentle shaking. Specimens were embedded in paraffin and sectioned at 5-lm thickness. Paraffin sections were deparaffinized and hydrated, and immunohistochemistry (IHC) assay was carried out according to the manufacturer's instructions (Histofine SAB-PO [multi] kit; Nichirei, Tokyo, Japan). Freshly diluted primary antibody (anti-Igf3, 31000 dilution), prepared as described in the previous section, was used for this study. After overnight incubation with primary antibodies at 48C, the slides were washed twice in 13 PBS for 10 min and then incubated with anti-mouse immunoglobulin G at room temperature for 1 h. After slides were washed, diaminobenzidine tetrachloride was applied for the color reaction. Slides were then counterstained in hematoxylin, dehydrated, and mounted. For the negative control, the primary antibody was replaced with normal mouse serum.
In Vitro Incubation of Ovary and Testis Cells with Igf3 Recombinant Protein
To investigate the effects of Igf3 on the expression of steroidogenic enzymes and sex differentiation-related transcription factors, we incubated ovarian and testicular cells in the absence or presence of the recombinant tilapia Igf3. Culture medium consisted of a 1:1 (v:v) mixture of DMEM and F-12. Gonads were carefully dissected from fish at 180 dah after sterilization with 70% ethanol and placed in a dish containing 5 ml of culture medium. Each gonad was briefly dispersed into small fragments, disaggregated to single-cell suspension, and then transferred into a 24-well culture plate with each well containing 1 ml of medium supplemented with 5% FBS, penicillin (100 IU/ml), and streptomycin (100 lg/ml). Cultures were incubated at 288C in a 95% air and 5% CO 2 humidified incubator. After 12 h of incubation, recombinant Igf3 was added at different concentrations (5, 15, 25, 50 , 100, and 200 nM). In another experiment, incubated cells were treated with Igf3 for different time durations (4, 9, 12, 20 , and 24 h). Igf3 antibody was added to the culture medium to block Igf3 function with different concentrations. Twenty-four hours later, medium was aspirated and centrifuged (3000 3 g) for 5 min, and the cells were collected for gene expression assays. Total RNA from the collected samples was isolated using TRIzol reagent, and cDNA was synthesized using Prime Script RT reagent kit, following the manufacturer's instructions. Realtime PCR was carried out as described earlier. All treatments were performed in triplicate, and results were expressed as means 6 SD. After carrying out tests for normality and homogeneity, we determined the significance of treatment effects by one-way ANOVA within and across different effectors. All primers and sequences used in the present study are listed in Table 1 .
Plasmid Constructs
Fosmid clones containing igf3 gene were screened from our tilapia genome fosmid library constructed previously [35] , and the positive clones were sequenced. Tilapia igf3 promoter (À2300 bp) was amplified from the fosmid DNA by PCR and then subcloned into the pGL3-basic vector (Promega), using the pGL3 KpnI and SmaI sites. All transcription factors used in luciferase assays, including nr5a1, foxl2, dmrt1, esr1 (ERa), esr2a (ERb1), esr2b (ERb2), nr0b1a, and nr0b1b were subcloned into the pcDNA3.1 expression vector (pcDNA3.1/V5-His Topo TA expression kit; Invitrogen) from the original clones, using gene-specific open reading frame primers. Plasmids used in transfection experiments were purified using QIAfilter plasmid midi kit (QIAGEN Sciences), and purity was verified by spectrophotometry and agarose gel electrophoresis. Constructs and orientation of the inserts were confirmed by direct sequencing. All primer sequences used for constructing recombinant vectors are listed in Table 1 .
Cell Culture, Transient Transfections, and Luciferase Assays
Cell culture, transient transfections, and luciferase assays were performed as reported previously [30] . Human embryonic kidney 293 cells (HEK293; no. CRL-1573; American Type Culture Collection) were maintained in DMEM supplemented with 10% FBS, penicillin (100 IU/ml), and streptomycin (100 lg/ml) at 378C in a humidified atmosphere containing 5% CO 2 . HEK293 cells were transfected using Lipofectamine 2000 (Invitrogen) for 5-6 h with the following plasmids: (1) 0.5 lg per well of constructs of the igf3 promoter cloned into the pGL3-basic luciferase reporter vector; (2) 0.01-0.25 lg per well of pcDNA3.1 expression plasmid, containing the cDNAs encoding nr5a1, foxl2, dmrt1, nr0b1a , and nr0b1b; (3) 100 ng per well of pRL-TK (Promega) to monitor the transfection efficiency. Renilla luciferase from pRL-TK was used as the internal control. The day before transfection, cells were seeded into 24-well plates. At the time of transfection, HEK293 cells were at 95% confluent. The transfection solution consisted of 100 ll of Opti-MEM I reduced-serum medium containing precomplexed DNA and 2 ll of Lipofectamine 2000 reagent. To determine whether igf3 gene transcription was regulated by gonadotropin, cells were treated with different concentrations of forskolin (an adenylyl cyclase stimulator that activates the protein kinase A (PKA) signal pathway by increasing cAMP; 0.2, 0.4, 0.6, 1.0, and 1.2 lM) overnight without nr5a1 or 24 h after transfection with the nr5a1 expression vector. In addition, in order to analyze whether estrogen is involved in the transcriptional regulation of igf3, E 2 (20 ng/ml) was added to the culture medium 24 h after the transfection of one with the estrogen receptors (esr1, esr2a , or esr2b). Cells were washed in PBS and lysed in 100 ll of luciferase lysis buffer after 48 h of transfection. Firefly luciferase and Renilla luciferase readings were obtained using the Dual-Luciferase reporter assay system (Promega) and the Lumat LB9507 luminometer (Berthold Technologies GmbH and Co. KG). Relative luciferase activity was calculated by dividing firefly luciferase activity by Renilla luciferase activity. Results are presented as the means 6 SD of data from triple replicates. Data were analyzed using one-way ANOVA and least significant difference (P , 0.05) with GraphPad Prism 4 software.
RESULTS
Expression Pattern of igf3 During Early Gonad Development Stages
Expression levels of igf3 from 5-to 70-dah XX and XY tilapia were assessed by real-time PCR. Higher levels were detected in ovary than in testis from 5 to 40 dah. However, the expression level became lower in the testis from 50 dah onward. Beyond 50 dah, igf3 was maintained at approximately the same level in the ovary, while the level in testis increased steadily during the test period (Fig.1) .
Expression, Purification, and Western Blot Analysis
Recombinant Igf3 proteins with either a His tag or a GST tag at their N termini were successfully expressed in E. coli. Unpurified and purified recombinant Igf3 proteins were analyzed by SDS-PAGE with Coomassie blue staining (Fig.  2, A and C) . The specificity of the Igf3 antibody was confirmed by Western blotting. Specific bands of ;21 kDa and ;33.9 kDa corresponding to the calculated molecular weights of the tilapia Igf3 fusion proteins with either His tag or GST tag, respectively, were recognized using the His tag, GST tag, and our own Igf3 antibody (Fig. 2, B and D) . In addition, a band with the same molecular weight of ;13 kDa was also detected in the protein samples extracted from both the ovary and the testis, using our own Igf3 antibody (Fig. 2, B 
and E).
Tilapia Gonad Cell Types Expressing Igf3
IHC assay was performed to detect Igf3 protein expression in the tilapia gonads. Igf3 signal was found to be expressed in the stromal cells of both XY and XX gonads at 10 dah (Fig. 3, A and E). Thereafter, it was found to be expressed in the theca cells of the 120-dah ovary (Fig. 3F ) and in the granulosa cells of the 300-dah adult ovary (Fig. 3G) . Expression was also found in the interstitial cells of the 120-and 300-dah testis (Fig.  3, B and C) . No signal was detected in the negative control without the primary antibody (Fig. 3D) .
Actions of Igf3 on Gene Expression of Steroidogenic Enzymes and Transcription Factors Related to Sex Differentiation
Genes known to be important for ovarian differentiation, including foxl2, nr5a1, cyp19a1a, hsd3b2 (paralog of hsd3b1), cyp11a1, and cyp17a1 (paralog of cyp17a2), were up-regulated after Igf3 stimulation in a dose-dependent manner in the cultured ovarian cells (Fig. 4) , whereas hsd20b was unaffected by Igf3 treatment (see supplemental Fig. S1 ; all supplemental data are available online at www.biolreprod.org). Moreover, the expression levels of foxl2, nr5a1, and cyp19a1a were also increased in a time-dependent manner (Fig. 5A) . The action of Igf3 on the expression of these genes was blocked by adding Igf3 antibody to the culture medium (Fig. 5B) . In addition, expression levels of genes known to be important for testicular differentiation, including dmrt1, nr5a1, and cyp11b2, were also increased by Igf3 treatment in a dose-dependent manner in the primary cultured testicular cells (Fig. 4, G, H, and I ).
Transcriptional Regulation of igf3
Promoter analysis using HEK293 cells revealed that igf3 gene transcription was activated by Nr5a1 alone in a dosedependent manner (10-150 ng) (Fig. 6, A and D) and was further enhanced by Foxl2, Nr0b1a, and Nr0b1b in a dosedependent manner (10-150 ng) when cotransfected with nr5a1 (Fig. 6, B, C, and D) . However, igf3 promoter activity was not influenced when foxl2, nr0b1a , and nr0b1b were transfected alone (Fig. 6A) . Reduced luciferase activity was observed in the promoter assays when Dmrt1 was used alone, indicating that the igf3 promoter activity was directly repressed by Dmrt1 (Fig. 6, A and F) . In addition, Nr5a1-activated igf3 expression was repressed by Dmrt1 in a dose-dependent (10-250 ng) manner (Fig. 6F) .
Effects of forskolin on igf3 Gene Expression
As shown in Figure 7A , igf3 promoter activity was increased slightly with forskolin treatment alone but was significantly up-regulated in a dose-dependent manner along with nr5a1 transfection (Fig. 7B) .
Action of Estrogen on igf3 Gene Expression
Basal and Nr5a1-activated igf3 promoter activities were significantly repressed by transient expression of estrogen Igf3 INVOLVEMENT IN TILAPIA GONAD DIFFERENTIATION receptors (esr1, esr2a, or esr2b) along with E 2 treatment. In contrast, neither basal nor Nr5a1-activated igf3 promoter activity was influenced by transient expression of estrogen receptors (esr1, esr2a , or esr2b) in the absence of E 2 (Fig. 7C) .
DISCUSSION
The novel igf3 subtype can be found only in teleost fish genomes, probably due to the fish-specific genome duplication. Preliminary studies have indicated that igf3 is important for gonad development in fish [18] [19] [20] . In the present study, treatment with recombinant Igf3 up-regulated expression of foxl2, dmrt1, nr5a1 cyp11a1, hsd3b2, cyp17a1, cyp19a1a , and cyp11b2 in a dose-dependent manner in cultured ovarian and testicular cells, and its action was blocked by Igf3 antibody, demonstrating the involvement of this gonad-specific Igf in regulating gene transcription and steroidogenesis in tilapia. This finding is consistent with IHC data that show that Igf3 protein signal was confined to the theca and granulosa cells of the XX gonad and to the interstitial cells of the XY gonad and [30, 31, 36] . This finding was further supported by in vivo data showing that both igf3 and steroidogenic enzymes (cyp11a1, hsd3b2, and cyp17a1) [33] were expressed at much higher levels in the XX gonad than in the XY gonad from 5 to 40 dah, whereas these genes were expressed at much higher levels in the XY gonad than in the XX gonad from 50 dah onward. It is well known that Foxl2, Dmrt1, and especially Nr5a1 are also essential for the expression of steroidogenic enzymes [30, 31, 37, 38] . Therefore, the up-regulation of steroidogenic enzymes in both cultured ovarian and testicular cells was at least partially attributable to the increased expression level of these transcription factors by Igf3.
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On the other hand, sex steroids also play a central role in the regulation of igf expression and the key transcription factors involved in fish sex differentiation. It has been reported that estrogen treatment decreases the expression of igf1 in tilapia and fathead minnow (Pimephales promelas) [39, 40] . Recent studies in tilapia have also suggested that estrogen treatment resulted in significant down-regulation of igf3 in the testis [20] . Consistently, our in vitro study also demonstrated that E 2 treatment down-regulated the igf3 promoter activity. This finding agrees with in vivo expression data showing that igf3 expression was much higher in the male than in the female from 50 dah onward when E 2 production was lower in the male than in the female. However, this is in contrast to reports showing that ovarian igf3 mRNA level is not affected by estrogen treatment in both tilapia and zebrafish [20, 41] . In nonmammalian vertebrates, estrogen-induced feminization of genetically male individuals caused an up-regulation of foxl2 expression and down-regulation of dmrt1 expression, whereas treatment with androgen or an aromatase inhibitor to masculinize genetic females caused suppression of the expression of foxl2 and up-regulation of dmrt1 expression [30] [31] [32] [42] [43] [44] [45] [46] [47] . Therefore, the regulatory action of estrogen on igf3 expression was probably through transcription factors.
Transcription factors, in turn, play a critical role in regulating the expression of growth factors and steroidogenic enzymes. In the present study, luciferase assays with various transcription factors revealed that igf3 gene transcription was directly activated by Nr5a1. Studies in tilapia have shown that nr5a1 was expressed at higher levels in XX gonads than in XY gonads from 5 to 40 dah and higher in the testis than in ovary from 50 to 70 dah [33] ; this partially explains the expression profile of igf3 in the gonads. In addition, Nr5a1-activated igf3 expression was further enhanced by Foxl2. It has been shown that Foxl2 can interact with Nr5a1 to upregulate aromatase gene transcription in tilapia and repress Nr5a1-induced CYP17 transcription in rat granulosa cells [30, 48] . It is therefore conceivable that Foxl2 may also interact with Nr5a1 to regulate igf3 expression. Moreover, the expression pattern of nr0b1a [33] was similar to that of igf3. In our promoter analysis, Nr0b1a was unable to activate igf3 expression when transfected alone. However, Nr0b1a could enhance Nr5a1-activated igf3 transcription, indicating a direct physical interaction of Nr0b1a and Nr5a1, as reported in mammals [49] . The relatively lower nr5a1 and higher dmrt1 expression levels in tilapia XY gonad from 5 to 35 dah, together with the fact that Nr5a1 activates igf3 promoter activity while Dmrt1 represses igf3, could give a reasonable explanation for the low expression of igf3 in the testis at 5-30 dah. Its up-regulation from 50 dah onward is consistent with the rapid increase of nr5a1 but seems inconsistent with the increase of dmrt1. However, if the copy number (nr5a1, ;25 000; while dmrt1, ;5000) is considered [33] , the up-regulation from 50 dah onward could well be explained with our in vitro luciferase data. Expression profile of igf3 in the testis may be the antagonistic results between Dmrt1 and Nr5a1.
Taken together, these data demonstrated that Igf3 could regulate the expression of steroidogenic enzymes and transcription factors. In turn, igf3 expression was tightly regulated by transcription factors and estrogen, suggesting a transcriptional regulatory loop among Igf3, steroidogenesis, and transcription factors.
Estrogen and androgen play pivotal roles in ovarian differentiation and spermatogenesis in fish, respectively [32, 36, 50, 51] . Aromatase (cyp19a1a) and 11b-hydroxylase (cyp11b2) are the key enzymes responsible for the production of estrogen and androgen (11-ketotestosterone). In tilapia, cyp19a1a was found to be expressed specifically in the XX gonad from 5 to 40 dah, the critical period for ovarian differentiation [30] . On the other hand, cyp11b2 was found to be increased continuously in the XY gonad from 50 dah onward [33, 36] , which closely correlates with the initiation of spermatogenesis (70 dah onward) [52] . In the present study, similar expression profiles were found for igf3 in XX and XY gonads. These expression profiles and the ability of Igf3 to regulate cyp19a1a and cyp11b2 expression indicate its possible role in ovarian and testicular differentiation, which needs further investigation.
In zebrafish, igf3 was strongly up-regulated by gonadotropins (GtH), including human chorionic gonadotropin, 8-BrcAMP, and IBMX [19, 41] . GtH is known to regulate target gene expression primarily through activation of the cAMP-PKA pathway [53] . It is also known that activation of the cAMP-PKA signal pathway can strongly potentiate Nr5a1 transactivation activity. forskolin is an adenylyl cyclase stimulator that activates the PKA signal pathway by increasing cAMP. Studies have shown that Nr5a1 was able to greatly increase both the basal and cAMP-dependent promoter activities of steroidogenic genes, including CYP17, CYP11A, and CYP19A [54] [55] [56] . In the present study, forskolin treatment alone only slightly increased the igf3 promoter activity. However, after transient expression of nr5a1, forskolin treatment significantly up-regulated igf3 promoter activity. These results suggested that in fish, cAMP can enhance Nr5a1-activated gene expression by the same mechanism as reported Igf3 INVOLVEMENT IN TILAPIA GONAD DIFFERENTIATION in mammals and that igf3 transcription was regulated by GtH via the cAMP signal pathway.
In summary, fish gonad steroidogenesis is regulated by cAMP and certain key transcription factors, such as Nr5a1, Foxl2, and Dmrt1. Igf3 has the ability to regulate the expression of both the steroidogenic enzymes and these transcription factors. In turn, the expression of igf3 is tightly regulated by estrogen, cAMP, and transcription factors. Taken together, these data strongly suggest that the gonad-specific Igf3 may be the primary growth factor involved in gonad steroidogenesis.
FIG. 6. Promoter analysis of tilapia igf3 in HEK293 cells by luciferase assay.
A) The igf3 promoter activity was regulated by Foxl2, Dmrt1, Nr5a1, Nr0b1a, and Nr0b1b. B) Nr5a1-activated igf3 promoter activity was further enhanced by Nr0b1a and Nr0b1b. C) Dose dependence of Nr0b1a and Nr0b1b on Nr5a1-activated igf3 promoter activity. D) Dose dependence of Foxl2 on Nr5a1-activated igf3 promoter activity. E) Dose dependence of Nr5a1 on igf3 promoter activity. F) Dose dependence of Dmrt1 on igf3 promoter activity. Different amounts of various transcription factor expression vectors alone or in combination were cotransfected into HEK293 cells with the tilapia igf3 promoter (À2300 bp) construct (500 ng/well). The total amount of transfected plasmids, including the pRL-TK control vector (100 ng/well), which expresses Renilla luciferase to serve as an internal control, was adjusted to 1.0 lg with the empty vectors pcDNA3.1 (þ). Firefly and Renilla luciferase activities were measured after 48 h of transfection. Relative luciferase activity was calculated by dividing firefly luciferase activity by Renilla luciferase activity. Results are means 6 SD of triplicate transfections. Bars with different letters differ (P , 0.05) by one-way ANOVA.
